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Abstract A long-term experiment was carried out
in the dryland of northern China to assess the effects
of applications of maize stover, cattle manure and NP
(1:0.44) fertilizer on partial nitrogen (N), phosphorus
(P) and potassium (K) balances, extractable soil
N (SEN), P and K, and soil organic matter (SOM) in
a spring maize cropping system, under reduced tillage
conditions. The experiment was set-up according to
an incomplete, optimal design, with three factors at
five levels and 12 treatments, including a control with
two replications. Statistical analyses using multiple
regression models showed that the partial N, P and K
balances were strongly influenced by annual varia-
tions in the amounts of soil water at seeding (SWS)
and growing season rainfall (GSR). Most treatments
had positive P but negative N and K balances.
Cumulative P and K balances were reflected in
extractable soil P (P-Olsen) and K (exchangeable K),
but the weak relationships indicated that the sorption
of P and buffering of K were strong. Cumulative
balances of effective organic carbon (C) were weakly
related to soil organic C (SOC) content after 12 years.
Negative C balances were related to decreases in
SOC, but positive C balances were not translated into
increases in SOC. The analysis of nutrient balances
and soil fertility indices revealed that nutrient inputs
in most treatments were far from balanced. It is
concluded that the concepts of ‘ideal soil fertility
level’ and ‘response nutrient management’ provide
practical guidelines for improving nutrient manage-
ment under the variable rainfall conditions of dry
land areas in northern China.
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Introduction
China has a long tradition of efficient recycling
of organic residues in agriculture, but this tradition is
rapidly disappearing following the intensification of
agricultural production, the increased use of mineral
fertilizers and the increasing urbanization and decou-
pling of crop production and animal production
(Ju et al. 2005; Yang 1996). The intensification of
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agricultural production has greatly increased the vol-
ume of agricultural production, but, at the same time,
it has contributed to a decrease in resource use
efficiency, land degradation through increased wind
and water erosion, and to pollution of groundwater
and surface waters (Zhang et al. 2005; Rozella et al.
1997; Liu and Diamond 2005; Liu et al. 2005). China
is at a crossroads of its agricultural, industrial and
environmental developments. It faces the challenges
of drastically increasing resource utilization through
combining insights and practices from history with
the current reality. Both short-term remedies and
longer-term adjustments are needed for sustaining
food and feed production while safeguarding the
natural environment (Rosegrant and Cai 2001; Zhang
et al. 2005).
The dryland farming regions of northern China
provide food to a large fraction of the increasing
Chinese population. This area is vulnerable to wind
and water erosion and to environmental degradation,
due to its inherent soil and climatic characteristics
(Wang et al. 2006, 2007b) and its current manage-
ment practices. Continuous maize (Zea mays L.) or
wheat (Triticum aestivum L.), and wheat–maize
rotations, are the dominant cropping systems. The
current practice is to remove crop residues from
the field after harvest to feed animals or to use it as
biofuel, with little or no return of manure and ashes to
the fields where the crop residues came from.
Burning crop residues in the field is also a common
practice in some areas. After harvest, the soil is
ploughed and ploughed once again in spring before
seeding. These practices contribute to a decrease in
soil organic carbon (SOC) content (Yang 1996) and
to soil drying and severe wind erosion in winter and
early spring (Wang et al. 2006). Further, recommen-
dations for fertilizer applications are based on
potential yields and do not make provision for
differences in soil fertility and for other possible
nutrient sources. In practice, the uniform ‘blanket’
fertilizer recommendations are often exceeded with,
as a consequence, low nutrient use efficiencies.
Evidently, there is an increasing need to refocus
current practices and recommendations so that multi-
ple goals can be matched; i.e., sustained high crops
yields and efficient resource utilization.
In the current study, alternative nutrient manage-
ment practices under reduced tillage were evaluated,
to minimize soil drying and wind erosion in spring
and, at the same time, to improve soil fertility and
nutrient use efficiencies. Alternative practices in-
cluded the incorporation in the soil of various
mixtures of maize stover, manure and mineral
fertilizer in fall and to seed in spring without prior
soil cultivation. The effectiveness of these practices
was assessed in a long-term field experiment in
Shanxi province in northern China. The reduced
tillage practice has been shown to be highly effective
in decreasing wind erosion (Cai et al. 2002; Wang
et al. 2006). Effects of applying organic residues and
mineral fertilizer in autumn on grain yields and
nitrogen (N), phosphorus (P) and potassium (K) use
efficiencies have been reported in Wang et al.
(2007a). This paper discusses partial N, P and K
balances and the changes in soil organic matter
(SOM) and soil fertility indices for P and K.
Nutrient input–output balances of agroecosystems
provide insight into the cycling and use efficiency of
nutrients and in possible nutrient losses from these
systems to the wider environment (Goodlass et al.
2003; Oborn et al. 2003; Zebarth et al. 1999). Positive
balances are expected to result ultimately in environ-
mental pollution, and negative balances in soil
depletion and ultimately to loss of productivity.
However, the impact of a balance cannot be seen
independently from actual soil fertility. At low
fertility levels, nutrient balances should be positive,
to build up soil fertility to the target level, while, at
high fertility levels, balances should be negative, to
avoid environmental pollution (Janssen and de
Willigen 2006a, b). Hence, nutrient balances should
be evaluated concomitant with the assessment of soil
fertility, and vice versa.
Materials and methods
Site description
The ongoing long-term field experiment was started
in 1992 at the Dryland Farming Experimental Station
in Shouyang, Shanxi province (112–113 E, 37–
38 N) in northern China. The area has a mean alti-
tude of 1,100 m above sea level and a continental
monsoon climate with an average annual rainfall of
520 mm. Severe erosion in the past has led to the
formation of a hilly landscape. The dominant crop-
ping system is continuous spring maize, which
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accounts for over 50% of the total area for crop
production. The study area is representative of a
typical farming region dependent on rainfall. Spring
drought is often a limiting factor for seed germina-
tion and the emergence and growth of spring maize.
The experimental site has a sandy loam cinnamon
soil, classified as calcaric–fluvic cambisols (Institute
of Soil Science, Chinese Academy of Science,
ISS-CAS 2003; IUSS 2006). At the start, in 1992,
soil pH was 7.9, and SOC and soil organic N (SON)
content was 15 g kg1 and 1.0 g kg1, respectively.
Available soil P and soil K in the top 20 cm of
soil were low to medium, judged on the basis of
P-Olsen (7.3 mg kg1) and NH4OAc extractable K
(2.2 mmol kg1).
Experimental design
The experiment was set-up according to an incom-
plete, optimal design (Xu 1988) with three factors
(NP fertilizer, maize stover and cattle manure) at five
levels and 12 treatments, including a control treat-
ment and two replications. Fertilizer NP (ratio
N:P2O5 = 1:1) applications were 0, 31, 105, 179
and 210 kg ha1. Maize stover applications were 0,
879, 3,000, 5,121 and 6,000 kg ha1. Cattle manure
applications were 0, 1,500, 3,000, 4,500 and
6,000 kg ha1 (also Wang et al. 2007a).
Methods
Field experiment and measurement
Plots of 6 · 6 m2 were laid down randomly in
duplicate. Locally recommended maize varieties
were used, i.e., Yandan no. 12 in 1993–1997,
Shandannong no. 1 in 1998, and Jindan no. 34 in
1999–2004. The N and P fertilizers were urea (46%
N) and superphosphate (16% P2O5) in a ratio of N to
P2O5 of 1:1. Maize stover and cattle manure were
obtained from local farms. The weighed mean
content of organic matter, total N, total P (as P2O5)
and total K, was 75%, 0.63%, 0.09% and 0.72% for
maize stover (ratio of N:P:K = 100:6:114) and 36%,
0.96%, 0.39% and 0.74% for cattle manure (ratio of
N:P:K = 100:18:77), respectively. Maize stover,
cattle manure and fertilizers were broadcast and
incorporated into the soil after maize harvest in the
fall by ploughing (20 cm deep). Seeding was done in
spring, usually at the end of April, without any
tillage. Maize was seeded in rows at distances of
30 cm within the rows and 60 cm between rows
(plant density 55,555 ha1). Weeding was done
manually twice during the growing season. Maize
was harvested close to the ground with sickles, and
all harvested biomass was removed from the plots,
usually in October.
Grain yield and crop residues (rachis + stems +
leaves + husks) were determined by harvesting the
center 1.8 · 2.1 m2 of the plots. Samples of grain
and corn residues were oven dried at 70C to a
uniform weight and then weighed. Harvest index (HI)
was estimated as the ratio of grain to total above-
ground biomass yield. Plant samples of grain and
stover were analyzed for total N by the Kjeldahl
method, total P by the H2SO4–HClO4 method and
total K by the HNO3–HClO4 flame photometry
methods (Westerman 1990). Plant analyses of N
and P were started in 1993, that of K in 1997. Grain
yields and N, P and K uptakes have been described in
detail in Wang et al. (2007a).
Soil samples were taken at seeding to determine
soil water at seeding (SWS), and after harvest to
determine extractable N, P and K. Each sample was a
composite of three random 2-cm diameter cores per
plot, taken at depths of 0–20, 20–40, 40–60, 60–80,
and 80–100 cm. Samples were analyzed for extract-
able soil N (SEN), by the alkali-hydrolytic diffusion
method (Keeney and Nelson 1982). Extractable soil P
(SEP) was determined by Olsen’s method, and
extractable soil K (SEK) with 1 M NH4OAc. SOC
was determined in the 0–20 cm and 20–40 cm layers
by wet oxidation (using H2SO4–K2Cr2O7).
Nutrient and carbon balance estimation
Partial N, P or K balances were estimated per
treatment from measured N, P or K inputs and
outputs, using the following equations (in kilograms
per hectare):
NPKinputs ¼ NPfertilizer þ NPKstover þ NPKmanure ð1Þ
NPKoutputs ¼ NPKuptake in aboveground biomass
NPKbalance ¼ NPKinputs  NPK ð2Þ
NPfertilizer is the added N and P via fertilizer,
NPKstover the added N, P and K via stover,
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NPKmanure the added N, P and K via manure, and
NPKuptake\;in\;aboveground\;biomass the N, P and K taken
up in the above-ground biomass of maize. The soil C
balance was estimated per treatment and year as
follows:
Cinput ¼CstoverþCþCstubbleþroots
Coutput ¼ kstover CþkmanureCmanure
þkstubbleþroots CstubbleþrootsþkSOM CSOM
Cbalance ¼CinputCoutput
Where Cstover = the input of C via added stover,
in kilograms per hectare; Cmanure = the input of C
via added manure, in kilograms per hectare;
Cstubble+roots = the input of C via stubble and roots
left on the field after harvest, estimated at 20% of the
above-ground biomass at harvest (Zhang et al. 1984),
in kilograms per hectare; CSOM = the amount of soil
C (0–20 cm) after harvest, using a bulk density of
1.2 mg m3; kstover = decay constant of added stover
in the first year, dimensionless; kmanure = decay
constant of added manure in the first year, dimen-
sionless; kstubble+roots = decay constant of stubble and
roots during the first year, dimensionless; kSOM =
decay constant of SOM, dimensionless. Decay
constants were taken from the literature (Table 1).
Because of the uncertainty in the actual decay
constants, simple sensitivity analyses were done by
varying the k values in the balance equations.
Statistical analysis
Multivariate regression analysis was used to examine
relationships between N, P and K balances and added
NP fertilizer, stover and manure, growing season
rainfall (GSR) and SWS. Extractable soil N, P and K
(SEP and SEK) were also related to added NP
fertilizer, stover and manure, GSR and SWS, using
general linear models (GLMs), and regression (REG)
procedures of the SAS Institute 2004. The data were
subjected to an analysis of variance using the GLM
procedure, and the mean pairwise comparison was
based on the DUNCAN test at the 0.05 probability
level (at P  0.05).
Results
Partial N, P, K and C balances
Mean N balances ranged from 84 kg ha1 year1
for the control treatment to 90–99 kg ha1 year1
for treatments with high NP fertilizer application
rates (Table 2). Approximately half of the treatments
had a negative partial N balance. At modest
application rates of NP fertilizer (F), stover (S) and
manure (M) in treatment 11 (F = 105, S = 3,000,
M = 3,000), N inputs equaled N outputs. However,
these partial balances do not account for N inputs
via atmospheric deposition (approximately
10 kg ha1 year1; Duan et al. 2001) and net
mineralization of SOM, and they do not account for
possible N losses via erosion, ammonia volatiliza-
tion, denitrification and leaching. Yet, mean N
surpluses were significantly related to SEN after
harvest (R2 = 0.63).
Mean P balances ranged from 12 kg ha1 year1
for the control treatment to 74 kg ha1 year1 for
treatment 7 with the highest NP fertilizer application
rate (Table 2). Most treatments had a highly positive
P balance. Only the two treatments (treatments 8 and
12) that did not receive NP fertilizer had a negative P
balance. The results indicate that applications exceed-
ing 31 kg P2O5 fertilizer (equivalent to 13.5 kg P) led
to a mean P surplus. Surpluses of P were linearly
related to mean extractable soil P (SEP, or P-Olsen)
(R2 = 0.85).
Mean K balances ranged from 43 kg ha1 year1
to 12 kg ha1 year1 (Table 2). Most treatments had a
negative K balance, including the treatment with the
highest mean grain yield (treatment 9). Only treat-
ments with relatively large inputs of stover and
manure, combined with sub-optimal or above-
optimal N fertilizer inputs (treatments 5 and 6), had
a slightly positive K balance. The negative K
balances suggest that the soil K pool was depleted,
but K balances were poorly related to mean
exchangeable soil K (R2 = 0.21).
Table 1 Decay coefficients for stover, manure, stubble + roots
and soil organic matter (SOM) in the calculation of C balances.
Three sets of literature values have been used
Stover Manure Stubble + roots SOM Literature
0.6 0.8 0.6 0.02 Janssen (1992)
0.67 0.56 0.55 0.02 Yang (1996)
0.8 0.48 0.55 0.0285 Cai (1996)
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Calculated mean C balances ranged from
622 kg ha1 year1 to 922 kg ha1 year1 (Table 2).
Balances were negative for treatments with relative
low inputs of stover and manure. Balances were
highly sensitive to the choice of the decay coeffi-
cients, especially to kstover and kSOM. The significant
differences between treatments in C balances led to
slight but significant differences in mean SOM levels;
the treatment with the lowest mean C balance had the
lowest mean SOM content. The squared (Pearson)
correlation coefficient (R2) for the relationship
between the mean C balance and the overall mean
SOM was 0.4. The use of a decay coefficient for
SOM of 0.0285, as derived for Shouyang by Cai
(1996), gave lower cumulative C balances than did
the use of the mean value for northern China (0.02)
estimated by Yang (1996). Cumulative C balances
over the 12-year experimental period ranged from
7,500 kg ha1 to 4,700 kg ha1 when Cai’s
coefficients were used, and from 4,000kg ha1 to
11,000 kg ha1 when Yang’s coefficients were used.
This indicates that maximal differences between
treatments in input of effective C were in the range
of 12,200 kg ha1 to 15,000 kg ha1 over the whole
experimental period.
Balances of NPK and C per treatment and year
Annual variations in partial N, P and K balances per
treatment are shown in Fig. 1. Variations between
years increased in the order: P balances <K balances
<N balances. Annual variations within treatments
were up to 100 kg ha1 for N balances, 50 kg ha1
for K balances and up to 20 kg ha1 for P balances.
With time, negative N balances tended to become less
negative and positive balances more positive, because
grain yields and N uptake tended to decrease over
time (Wang et al. 2007a). This decreasing trend was
most clear in treatments providing little or no NP
fertilizer (treatments 8, 12 and 3).
Variations in N, P and K balances were related to
added fertilizer, stover (except for P balances) and
manure, and to SWS and GSR, except for K
balances (Table 3). The negative regression coeffi-
cients for SWS and GSR reflect increased NPK
uptakes and, hence, less positive balances during
wet years than during dry years. Potassium balances
were not related to SWS and GSR, possibly because
K balances were established only from 1997T
a
b
le
2
E
ff
ec
ts
o
f
N
P
fe
rt
il
iz
er
(F
),
m
ai
ze
st
o
v
er
(S
)
an
d
m
an
u
re
(M
)
in
v
ar
io
u
s
co
m
b
in
at
io
n
s
o
n
m
ea
n
g
ra
in
y
ie
ld
(G
Y
),
m
ea
n
p
ar
ti
al
N
,
P
,
K
an
d
C
b
al
an
ce
s,
an
d
m
ea
n
ex
tr
ac
ta
b
le
so
il
N
(S
E
N
),
P
(S
E
P
)
an
d
K
(S
E
K
)
at
h
ar
v
es
t
ti
m
e
in
th
e
to
p
2
0
cm
la
y
er
s
p
er
tr
ea
tm
en
t
fo
r
th
e
w
h
o
le
ex
p
er
im
en
ta
l
p
er
io
d
(1
9
9
3
–
2
0
0
4
).
F
o
r
th
e
ca
lc
u
la
ti
o
n
o
f
C
b
al
an
ce
s,
u
se
w
as
m
ad
e
o
f
d
ec
ay
co
ef
fi
ci
en
ts
fr
o
m
(a
)J
an
ss
en
(1
9
9
2
),
(b
)
Y
an
g
(1
9
9
6
)
an
d
(c
)
C
ai
(1
9
9
6
).
N
o
te
,
tr
ea
tm
en
ts
ar
e
ar
ra
n
g
ed
in
th
e
o
rd
er
o
f
in
cr
ea
si
n
g
g
ra
in
y
ie
ld
s
(s
ee
te
x
t)
.
V
al
u
es
w
it
h
th
e
sa
m
e
le
tt
er
w
it
h
in
a
co
lu
m
n
ar
e
n
o
t
si
g
n
ifi
ca
n
tl
y
d
if
fe
re
n
t
at
th
e
5
%
le
v
el
T
re
at
m
en
t
A
d
d
ed
F
,
S
an
d
M
,
re
sp
ec
ti
v
el
y
,
(k
g
h
a
1
)
G
Y
*
(k
g
h
a
1
)
N
b
al
an
ce
(k
g
h
a
1
)
P
b
al
an
ce
(k
g
h
a
1
)
K
b
al
an
ce
(k
g
h
a
1
)
C
b
al
an
ce
(a
)
(k
g
h
a
1
)
C
b
al
an
ce
(b
)
(k
g
h
a
1
)
C
b
al
an
ce
(c
)
(k
g
h
a
1
)
S
E
N
(m
g
k
g
-1
)
S
E
P
(m
g
k
g
-1
)
S
E
K
(m
g
k
g
-1
)
S
O
M
(g
k
g
-1
)[
0
]
1
2
0
0
0
4
5
8
7
E
8
4
H
1
2
G
4
0
F
3
7
0
I
3
3
0
H
6
2
2
H
6
4
D
7
F
9
3
C
2
4
.7
D
8
0
3
0
0
0
1
5
0
0
5
1
3
9
D
6
9
G
1
1
G
1
8
B
C
D
2
1
5
F
2
4
4
F
2
1
1
F
7
1
C
D
1
6
E
1
0
4
B
C
2
6
.3
A
B
3
3
1
8
7
9
4
5
0
0
5
8
0
5
C
4
0
F
4
F
1
3
B
5
3
G
3
0
3
E
3
6
D
7
5
A
B
C
1
7
D
E
9
8
B
C
2
4
.8
B
C
D
1
0
1
0
5
0
1
5
0
0
6
2
6
9
B
C
2
6
E
2
9
D
E
4
3
F
2
2
2
H
9
4
G
3
6
6
G
7
3
B
C
2
6
B
C
9
8
B
C
2
5
.1
A
B
C
D
4
1
7
9
8
7
9
4
5
0
0
6
4
2
0
B
7
9
B
6
5
B
2
1
B
C
D
6
5
G
3
2
0
E
4
5
D
8
2
A
3
2
A
B
9
9
B
C
2
5
.5
A
B
C
D
5
3
1
5
1
2
1
4
5
0
0
6
4
3
3
B
2
1
E
4
F
1
2
A
7
7
5
B
8
9
9
A
B
3
7
5
B
8
1
A
1
8
D
E
1
0
5
B
C
2
6
.2
A
B
C
7
2
1
0
3
0
0
0
1
5
0
0
6
5
1
2
B
9
0
A
B
7
4
A
2
4
C
D
3
1
0
E
3
4
9
E
9
9
E
8
0
A
B
3
6
A
1
0
1
B
C
2
5
.6
A
B
C
D
2
1
0
5
3
0
0
0
0
6
5
2
8
B
2
4
E
2
7
E
3
5
E
F
2
7
2
E
2
3
6
F
2
2
7
F
7
2
C
D
2
3
C
D
9
8
B
C
2
4
.8
C
D
6
1
7
9
5
1
2
1
4
5
0
0
6
6
6
8
A
B
9
9
A
6
5
B
6
A
7
9
4
B
9
2
2
A
3
9
4
A
B
8
2
A
3
6
A
1
0
7
B
C
2
6
.5
A
1
1
1
0
5
3
0
0
0
3
0
0
0
6
7
4
0
A
B
0
D
3
1
D
2
6
D
E
4
0
2
D
5
2
0
D
9
9
D
7
6
A
B
C
3
2
A
B
1
0
4
B
C
2
5
.5
A
B
C
D
1
1
0
5
3
0
0
0
6
0
0
0
7
1
1
4
A
2
0
C
3
4
C
1
5
B
C
5
4
5
C
8
1
7
C
4
4
4
A
8
3
A
3
1
A
B
1
2
1
A
2
5
.7
A
B
C
D
9
1
0
5
6
0
0
0
1
5
0
0
7
1
8
4
A
3
D
2
8
E
2
5
C
D
9
0
0
A
8
5
6
B
C
2
4
0
C
7
9
A
B
C
2
2
C
D
E
1
0
8
B
2
5
.4
A
B
C
D
*
F
ro
m
:
W
an
g
et
al
.
(2
0
0
7
a)
Nutr Cycl Agroecosyst (2007) 79:17–34 21
123
onwards and because variations in SWS and GSR
were relatively small during the period 1997–2004
(Wang et al. 2007a).
Annual variations in balances of effective C were
relatively small, with maximal differences between
years within treatments of 500 kg ha1 year1,
nearly independent of the choice of decay coeffi-
cient for SOM (Fig. 2). Variations in C balance
were related to added fertilizer, stover and manure,
and to SWS but not to GSR (Table 3). The positive
regression coefficients for SWS reflect increased
stover and stubble production in wet spring (years).
In contrast to the N balances, the C balances tended
to become less positive (or more negative), because
yield of above-ground biomass tended to decrease
over time, as a result of decreasing yields (Wang
et al. 2007a).
Extractable soil N and total SOC per treatment
and year
Extractable soil N at harvest was relatively high, with
values ranging from 30 mg kg1 to 120 mg kg1 in
the top 20 cm (Fig. 3). With depth, SEN tended to
decrease, except for the treatments providing N
fertilizer at rates  105 kg ha1 year1. Also in the
control treatment (treatment 12), SEN was relatively
high, with values ranging from 30 mg kg1 to
90 mg kg1 in the topsoil and from 20 mg kg1 to
60 mg kg1 in the subsoil, while maize suffered from
N shortage in most years (Wang et al. 2007a). These
relatively high values suggest that not all extractable
N, determined by the alkali-hydrolytic diffusion
method, was plant-available N. The relatively high
SEN values are probably related to the decomposition
Fig. 1 Partial N, P and K
balance per treatment
during the experimental
period 1993–2004. Lines
between plots are shown
only for reasons of clarity.
Note that K balances only
started in 1997
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Table 3 Coefficients of the regression models for partial N, P
and K balances (in kilograms per hectare), and extractable soil
N (SEN), P (SEP) and K (SEK) (in milligrams per kilogram).
The dependent variables added were : NP fertilizer, stover and
manure, GSR and soil water at sowing (SWS). For fertilizer
(Fsq) and GSR (GSRsq) quadratic relationships were also
examined. PE parameter estimate, SE standard error, Pr prob-
ability value (P value)
Dependent variable Intercept
(b0)
Fertilizer
(b1)
Stover
(b2)
Manure
(b3)
GSR
(b4)
SWS
(b5)
Fsq
(b11)
GSRsq
(b44)
N balance PE 13.5 0.21 0.004 0.01 -0.13 0.15 0.003 0.000
R2 = 0.74, n = 128 SE 35.1 0.15 0.002 0.00 0.09 0.07 0.001 0.000
t-value 0.39 1.40 2.22 4.97 1.43 2.21 3.57 0.43
Pr > |t| 0.70 0.16 0.03 <0.0001 0.16 0.03 0.001 0.67
P balance PE 26.1 0.34 0.000 0.001 0.07 0.06 0.000 0.000
R2 = 0.94, n = 127 SE 7.07 0.03 0.000 0.000 0.02 0.01 0.000 0.000
t-value 3.70 11.1 0.19 3.95 3.82 4.53 2.00 3.15
Pr > |t| 0.0003 <0.0001 0.85 0.0001 0.0002 <0.0001 0.05 0.002
K balance PE 21.8 0.28 0.005 0.006 0.07 0.01 0.001 0.000
R2 = 0.42, n = 92 SE 34.7 0.10 0.001 0.001 0.12 0.06 0.000 0.000
t-value 0.63 2.86 4.59 5.84 0.60 0.25 2.53 0.20
Pr > |t| 0.53 0.005 <0.0001 <0.0001 0.55 0.80 0.01 0.84
C balance_Janssen PE 894 1.84 0.18 0.04 0.57 0.92 0.01 0.000
R2 = 0.87, n = 128 SE 154 0.67 0.01 0.01 0.39 0.29 0.003 0.000
t-value 5.81 2.73 24.96 6.03 1.49 3.18 2.3 0.67
Pr > |t| <0.001 0.007 <0.001 <0.001 0.14 0.002 0.023 0.50
C balance_Yang PE 936 2.05 0.15 0.09 0.72 1.04 0.01 0.000
R2 = 0.85, n = 128 SE 168 0.73 0.01 0.01 0.42 0.32 0.003 0.000
t-value 5.58 2.79 19.17 11.98 1.71 3.3 2.34 0.88
Pr > |t| <0.001 0.006 <0.001 <0.001 0.09 0.001 0.021 0.38
C balance_Cai PE 1175 2.14 0.09 0.11 0.47 1.02 0.01 0.000
R2 = 0.76, n = 128 SE 187 0.82 0.01 0.01 0.47 0.35 0.004 0.000
t-value 6.3 2.62 10.49 12.56 1 2.91 2.23 0.22
Pr > |t| <0.001 0.01 <0.001 <0.001 0.32 0.004 0.028 0.82
SEN_020 cm PE 166 0.05 0.001 0.002 0.26 0.11 0.000 0.000
R2 = 0.37, n = 128 SE 14.3 0.06 0.001 0.001 0.04 0.03 0.000 0.000
t-value 11.6 0.76 1.50 2.56 7.17 4.05 0.11 6.32
Pr > |t| <0.0001 0.45 0.14 0.01 <0.001 <0.001 0.91 <0.001
SEN_2040 cm PE 146 0.09 0.000 0.001 0.22 0.12 0.000 0.000
R2 = 0.50, n = 127 SE 12.5 0.05 0.001 0.001 0.03 0.02 0.000 0.000
t-value 11.74 1.66 0.22 1.60 6.95 5.19 0.33 5.65
Pr > |t| <0.001 0.10 0.82 0.11 <0.001 <0.001 0.74 <0.001
SEP_020 cm PE 38.7 0.17 0.000 0.001 0.01 0.08 0.000 0.000
R2 = 0.47, n = 128 SE 10.4 0.05 0.001 0.001 0.03 0.02 0.000 0.000
t-value 3.73 3.84 0.48 1.91 0.39 4 1.27 1.09
Pr > |t| 0.001 0.001 0.63 0.059 0.70 0.001 0.21 0.28
SEK_020 cm PE 101 0.06 0.002 0.002 0.008 0.02 0.000 0.000
R2 = 0.09, n = 93 SE 24.2 0.07 0.001 0.001 0.09 0.04 0.000 0.000
t-value 4.16 0.91 2.27 2.38 0.10 0.48 1.01 0.05
Pr > |t| <0.001 0.37 0.03 0.02 0.92 0.64 0.32 0.96
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of labile organic N compounds, such as glucosamine,
during the extraction, as discussed by Keeney and
Nelson (1982). The alkali-hydrolytic diffusion meth-
od is still widely used in China, because of its low
costs and simplicity, but the major soil laboratories
have discarded this method because of its potential of
overestimating soil mineral N (Dr. Ju Xiaotang, 2006,
personal communication). Here, SEN values will be
discussed only to compare treatments in a relative
sense.
In the topsoil, SEN was slightly higher in the
manure and fertilizer treatments than in the control
treatment, but differences were relatively small and
varied greatly from year to year (Fig. 3). In contrast,
subsoil layers exhibited increasing differences be-
tween the control treatment and treatments providing
N fertilizer at rates  105 kg ha1 year1. The
accumulation of SEN in subsoil layers suggests
downward movement of N through leaching. Accu-
mulation of SEN in the subsoil was most pronounced
in treatment 7, which provided the highest N fertilizer
doses, and in the second half of the experimental
period, when above-ground biomass and N uptake
were relatively low.
Annual variations in SEN were strongly related to
SWS and GSR; the higher the SWS and GSR, the
lower the SEN in the 0–20 cm and 20–40 cm layers
(Table 3). These inverse relationships are caused by
the positive relationship between SWS and N
uptake, and GSR and N uptake. However, the
significant linear and quadratic relationship between
GSR and SEN may also point to N losses via
leaching and possibly denitrification in wet years.
Interestingly, SEN in the 0–20 cm layers was related
to added manure but not to added N fertilizer
(Table 3).
Fig. 2 Calculated C
balances per treatment
during the experimental
period 1993–2004.
Balances were calculated
from different decay
coefficients, following
Janssen (1992), Yang
(1996) and Cai (1996). See
also the text. Lines between
plots are shown only for
reasons of clarity
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Soil organic carbon in the top 20 cm and in the 20–
40 cm layer did not change much over time, and
differences between treatments at the end of the
experimental period were relatively small (Fig. 4). In
treatments providing relatively large amounts of
stover, manure and N fertilizer, topsoil SOC tended
to increase with time. At the end of the experimental
period, average SOC in the topsoil was 15.7 ±
0.9 g kg1, which was 0.8 g kg1 higher than at the
start of the experiment. In the 20–40 cm layer, mean
SOC content was 11.2 g kg1. Differences between
topsoil and subsoil did not increase over time.
Extractable soil P and K per treatment and year
Extractable P (SEP) in the topsoil was strongly
related to added NP fertilizer and also to added
manure (Table 3). In all treatments SEP tended to
increase with time, except for the control treatment
(Fig. 5), which had a strong negative P balance.
Treatment 8 also exhibited an increase in SEP in the
topsoil from 7 cm to about 20 mg kg1, even though
the P balance was highly negative (Table 2, Fig. 1).
This suggests a priming effect; the added stover and
manure in treatment 8 have contributed to increasing
the extractability of soil P (P-Olsen). This effect was
most noticeable during the first half of the experi-
mental period. In the control treatment, SEP ranged
between 5 mg kg1 and 9 mg kg1 (mean 7 mg kg1)
and tended to decrease over time.
With time, SEP tended also to increase in the
subsoil at depths of 20–40 cm, except for the control
treatment. The pattern of increase was irregular and
suggests that spatial variations in ploughing depth
Fig. 3 Extractable soil N
(SEN) at the end of the
growing season per
treatment for soil depth
0–20 cm, 20–40 cm and
40–60 cm. Lines between
plots are shown only for
reasons of clarity
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and slight variations in sampling depth, in addition to
leaching, may have contributed to the apparent
increasing SEP values at depths of 20–40 cm.
Increases in SEP were largest in treatments providing
P fertilizer at rates  105 kg P2O5 ha1 year1. No
increases were observed at depths of 40–60 cm (not
shown).
Soil extractable K (SEK) ranged between about
70 mg kg1 and 150 mg kg1, equivalent to 1.8–
3.8 mmol kg1. Over time, SEK remained rather
stable or tended to decrease slightly (Fig. 5), which
contrasts with the highly negative K balances in all
treatments but two (Table 2, Fig. 1). SEK was
positively related to added stover and manure
(Table 3). Subsoil (20–40 cm) SEK was, on
average, 75 mg kg1 and remained constant during
the period (1997–2004) that K was analyzed (data
not shown).
Discussion and conclusions
Long-term field experiments and deriving
fertilization recommendations
This study was originally set-up to derive N fertilizer
recommendations for maize under reduced tillage
conditions, as a function of added stover and animal
manure. Reduced tillage with direct seeding of maize
in the soil without prior tillage in spring was
introduced in the 1980s and 1990s because it is
highly effective in minimizing wind erosion in spring
(Cai et al. 2002; Wang et al. 2006). However, this
practice necessitates the application of any stover,
manure and fertilizers after harvest in autumn,
because application in spring without tillage would
lead to high risks of its being blown away by the
incidental strong winds. The application of organic
Fig. 4 Soil organic carbon
(SOC) at the end of the
growing season per
treatment for soil depths
0–20 cm and 20–40 cm.
Lines between plots are
shown only for reasons of
clarity
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residues and fertilizers 6–7 months before seeding is
only practicable when possible nutrient losses via run
off, leaching and denitrification are negligible. Evi-
dently, this reduced tillage practice creates a possible
trade-off between decreased wind erosion and
increased nutrient losses before the growing season.
Nutrient losses during the winter season were
assumed to be very small, because of the cold and
dry weather. Results so far indeed suggest that N
losses during the winter season are small (Wang et al.
1997; Wang and Cai 2003), and that the N recoveries
from applied N fertilizer, stover and manure are
relatively high, when applied in optimum ratio (Wang
et al. 2007a).
Recommendation for N fertilizer should account
for any other sources of N, including crop residues
and animal manure. For the highest possible N use
efficiency, other nutrients should not be limiting.
Fertilizer P was applied in proportion to N fertilizer,
but K (and other nutrients) was not considered,
initially. In the attempt to increase grain yield in
Southeast Asia, the prime focus has been on adding N
fertilizer and, secondly, on adding P fertilizer, while
K has received much less attention (Jin et al. 1999;
Dobermann et al. 1996, 1998; Ladha et al. 2003; Fan
et al. 2005; Hoa et al. 2006). This neglect of K has led
to negative K balances (Fig. 1) and to declining yields
over time (Wang et al. 2007a). Only two treatments
(nos. 5 and 6, Table 2) had slightly positive K
balances, due to the relatively large inputs of K via
both stover (37 kg ha1 year1) and manure
(33 kg ha1 year1). Adding stover and manure has
been highly instrumental in supplying K, but also for
supplying N and effective organic C to the soil
(Fig. 2). Such multiple effects of animal manure and
organic residues have greatly contributed to the
Fig. 5 Extractable soil P
(SEP) and extractable soil K
(SEK) in the topsoil (0–
20 cm), per treatment at the
end of the growing season.
Lines between plots are
shown only for reasons of
clarity. Note that SEK
analyses started in 1997
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worldwide increased and renewed interests in organic
residues and manure (e.g., Schro¨der 2005; Zingore
et al. 2006).
Annual variations in NPK and C balances and in
SEN, P and K after harvest were large. These
variations were mainly related to the large annual
variations in the amounts of SWS and GSR, though
small-scale soil variations may also have contributed
to variations in SEN, SEP and SEK. The large
fluctuations between years indicate that long-term
measurements are needed for establishing reliable
mean nutrient balances in rainfed cropping systems.
The trend of decreasing balances (for treatments with
negative balances) or increasing balances (for treat-
ments with positive balances) with time was, in part,
also related to decreasing SWS and GSR over time,
as these contributed to a decrease in N, P and K
uptakes (Wang et al. 2007a). This again emphasizes
the need for long-term records, to be able to separate
the effects of changes in GSR from increasing or
decreasing nutrient deficiency due to changes in soil
fertility level (Fan et al. 2005).
Soil organic matter
Soil organic matter is crucial to the sustainability of
crop production, but there is an ongoing debate about
the pros and cons of C sequestration in soils and
about the minimum and optimum levels of SOC
content (Feller and Beare 1997; Loveland and Webb
2003; Janssen and de Willigen 2006b; Janzen 2006.
Reducing tillage and adding crop residues and animal
manure is aimed at maintaining or increasing SOC
(e.g., Franzluebbers 2002), and our results indicate
indeed that SOC content was slightly increasing
during the experimental period in the topsoil of
various treatments (Fig. 4). However, the relationship
between cumulative C balance and SOC content
in the topsoil was weak (R2 = 0.4–0.6) and depended
on the decay coefficients chosen for the calculation of
the C balances (Fig. 6). Linear regression coefficients
ranged from 11 · 105 to 17 · 105, indicating that
6,000 kg ha1 to 9,000 kg ha1 of effective organic C
would be needed to increase the SOC content in the
0–20 cm layer by 1 g kg1. These amounts are 2–
4 times larger than the amount of C in the topsoil
represented by 1 g kg1, suggesting that our simple
calculations greatly underestimated the decay of
SOC. The results presented in Fig. 6 also allow the
interpretation that a negative C balance leads to a
decrease in SOC, (in treatments with little or no
inputs of organic residues and NP fertilizer), while a
positive C balance does not lead to a significant
increase in SOC. However, the overall relationship in
Fig. 6 tends to be asymptotic, with SOC tending to a
maximum value between 16 g kg1 and 17 g kg1. A
SOC content of around 15 g kg1 in the topsoil is
above critical levels set for deterioration of soil
physical properties and impairment of nutrient
cycling mechanisms (Loveland and Webb 2003;
Janssen and de Willigen 2006a, b; Janzen 2006).
We conclude that there is no pressing need to further
increase SOC content at the study site, judged from
soil physical and agronomic points of view. A mean
SOC content of 15 g kg1 is also above the level of
‘ideal soil fertility’ for obtaining a target yield of
10 mg ha1 at ‘equilibrium’ fertilization, where the
required N input is equal to the N taken up by the
harvested crop (Janssen and de Willigen 2006a).
Soil fertility indices and nutrient balances
Classical soil fertility rating is based on relationships
between soil test values and the crop response to
added nutrients. The set-up of such rating systems
requires extensive and long-term field testing, while
the application in practice presumes that farmers do
regular soil testing (Tisdale et al. 1985). Both
requirements are not met in northern China, and
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Fig. 6 Relationship between calculated cumulative C balance
and SOC in the topsoil (0–20 cm), per treatment at the end of
the experimental period. Cumulative C balances were calcu-
lated assuming simple first-order kinetics, using decay coeffi-
cients given by Janssen (1992), Yang (1996) and Cai (1996)
(See text)
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there is an ongoing search for simple, effective and
efficient recommendation systems that also account
for possible environmental side effects (Zhang et al.
2005). Nutrient balances provide easy-to-obtain
proxies for the potential environmental effects, but
the actual impact of a balance cannot be understood
properly without considering the actual soil fertility
(Oborn et al. 2003; Janssen and de Willigen 2006a,
b). This holds especially when residual effects are to
be expected, as is the case with added manure and
crop residues and P fertilizers in general.
Mean negative balances of N, P and K were
observed in treatments 8 and 12, negative N and K
balances combined with positive P balances in
treatments 2, 3, 9 and 10, and negative N but positive
P and K balances in treatment 5. Mean positive N and
P balances, combined with negative K balances, were
observed in treatments 1, 4, 7 and 11, while positive
balances of N, P and K were found in treatment 6
only. This high number of combinations reflects the
complexity of balanced fertilization (Janssen 1998).
Negative N, P, K and C balances in various treatments
coincided in most cases with decreases in SEN, P and
K, and SOC content, indicating that the partial
balances are a good proxy for evaluating the deple-
tion of soil resources.
The relationship between cumulative P balances
over the experimental period and mean SEP (P-
Olsen) at the end of the experimental period is shown
in Fig. 7a. Cumulative P balances ranged from
144 kg ha1 to 888 kg ha1, and SEP from
5 mg kg1 to 49 mg kg1. The regression coefficient
of the linear relationships suggests that P-Olsen in the
topsoil increases by 0.04 mg kg1 when the P surplus
is 1 kg ha1. If we assume that the surplus P is
accumulated in the top 20 cm and that the bulk
density of the topsoil is 1.2 mg m3, it follows that
roughly 10% of the surplus P ends up as extractable
P. Blake et al. (2003) found a higher recovery rate
(10–40%) with 0.5 M NaHCO3 (extracting agent used
in P-Olsen method) in soils from long-term field
experiments in Rothamsted, UK, even though they
applied an initial extraction using resin strips. Rich-
ards et al. (1999) found that 13% of the increase in
total soil P, following long-term P fertilization,
remained soluble by the Olsen method. Differences
between soils in the fraction of total soil P extractable
by P-Olsen may be related to differences in sorption
characteristics, P saturation index and soil pH. The
relatively low P-Olsen extractability in the current
experiment suggests that the P saturation index is
low, but there are no experimental data available to
substantiate this. Interestingly, treatments with man-
ure and stover as main P source gave a stronger
response in P-Olsen than treatments with P fertilizer
as main P source. This is most clear for the treatments
with a cumulative P surplus in the narrow range of
324–408 kg ha1 with SEP ranging from 22–
45 mg P kg1; here SEP was linearly related to the
amount of P applied with manure. The positive effect
of manure and stover on SEP also follows from the
two treatments with a negative P balance (Fig. 7).
Such positive effects of manure and crop residues on
the extractability of soil P have been reported before
for long-term manuring experiments (Olsen and
Barber 1977) and tillage experiments (Hussain et al.
1999; Delgado et al. 2002).
The relationship between cumulative K balances
over the experimental period and mean SEK
(exchangeable K) at the end of the experimental
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Fig. 7 Relationship between (a) the cumulative P balance and
extractable soil P (P-Olsen) in the topsoil, and (b) the
cumulative K balance and extractable soil K (exchangeable
K) in the top soil, at the end of the experimental period per
treatment
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period are shown in Fig. 7b. Cumulative K balances
ranged from 516 kg ha1 to 144 kg ha1, and SEK
ranged from 2.0 mmol kg1 to 3.0 mmol kg1. There
was a weak linear relationship between cumulative K
surplus and SEK; the small regression coefficient
suggests that the exchangeable K pool in the soil is
strongly buffered by recalcitrant K pools in the soils
(c.f. Hoa et al. 2006). Mining of the soil for 12
consecutive years did not lead to a decrease in SEK.
Conversely, SEK averaged over all treatments was
slightly higher at the end than at the start of the
experiment. Again, SEK values were higher in
treatments with relatively large doses of manure
and stover than in treatments with small doses of
organic residues, suggesting that organic residues
facilitated the transfer of K from recalcitrant K pools
to the exchangeable K pool.
Janssen and de Willigen 2006b classified ratios of
soil test values of N, P and K in terms of relative
input requirements of N, P and K. Ratios of SOC (P-
Olsen)1 <0.16 were classified as extremely N
deficient, requiring only N input, and ratios of
>1.37 were classified as P deficient, requiring inputs
of N and P in a ratio <3.5. At the start of the
experiment, the ratio SOC (P-Olsen)1 was 2.1,
suggesting that the ratio for N and P inputs should be
<3.5. The N:P ratios in fertilizer, manure and stover
were 2.3, 5.5 and 17, respectively, indicating that NP
fertilizer gave the best match. Janssen and de
Willigen (2006b) classified ratios of SOC (exchange-
able K)0.5 <4.6 as extremely N deficient and ratios
of >12.9 as extremely K deficient, requiring only K
input. At the start of the experiment, the ratio SOC
(SEK)0.5 was 10.3, suggesting that the ratio of N and
K inputs should be <1. The N:K ratios in manure and
stover were 0.9 and 1.3, respectively, indicating that
stover gave the best match. At the end of the
experimental period ratios of SOC (SEP)1 ranged
from 0.3 to 1.0 for the fertilizer and manure
treatments to 2.7 for the control treatment (Table 4).
Ratios of 0.3–1.0 have been classified as moderate N
deficiency, requiring N:P input ratios of 3.5–7, while
a ratio of 2.7 has been classified as P deficient,
requiring N:P input ratios of <3.5 (Janssen and de
Willigen 2006b). Ratios of SOC (SEK)0.5 were still
high (range 9–10) in all treatments at the end of the
experimental period, suggesting K deficiency. This
classification is in line with the negative K balances
observed in most treatments (Fig. 1).
Soil fertility and nutrient management in dryland
farming
Soil fertility and nutrient management research are
concerned ultimately with providing management
information and viable options to farmers to make
better decisions. The quality of this information is
intimately tied to its value; it fails if it does not lead
Table 4 Mean soil fertility indices per treatment at the end of
the experimental period. Treatments are arranged in order of
increasing grain yield (see Table 1). Ratios of soil organic
carbon (SOC) versus extractable soil phosphorus (SEP), and
SOC versus extractable soil potassium (SEK) are explained in
the text
Treatment Treatment inputs, kg ha1 SEP mg kg1 SEK mmol kg1 SOCg kg1 SOC/SEP SOC/(SEK)0.5
Fertilizer Stover Manure
12 0 0 0 5.3 2.0 14.2 2.7 10.1
8 0 3000 1500 15.2 2.4 15.9 1.0 10.3
3 31 879 4500 21.1 2.6 15.9 0.8 9.9
10 105 0 1500 27.0 2.1 14.4 0.5 9.9
4 179 879 4500 46.0 2.7 16.3 0.4 9.9
5 31 5121 4500 21.6 2.7 16.9 0.8 10.2
7 210 3000 1500 49.4 2.8 15.6 0.3 9.4
2 105 3000 0 26.3 2.5 14.9 0.6 9.5
6 179 5121 4500 46.4 2.9 16.7 0.4 9.8
11 105 3000 3000 31.4 2.2 16.6 0.5 11.1
1 105 3000 6000 44.5 3.0 15.7 0.4 9.1
9 105 6000 1500 21.7 2.3 15.3 0.7 10.1
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to economic and social (and environmental) benefits.
Commonly, smallholder farmers in dryland areas do
not invest in soil fertility, mainly because of the
economic risk of such investments in drought-prone
climates. There is often also a lack of information
about the profitability of soil fertility investments and
fertilizer use under diverse and risky environmental
conditions, while such conditions require highly
skilled management. This is also pertinent to northern
China, even though fertilizers are heavily subsidized.
In the attempts to increase crop production and
to overcome the information gap, simple blanket
fertilizer recommendations are promoted, where
site-specific and weather-dependent management
measures are needed. Tailoring of crop management
practices to the expectations of the season in progress
is what farmers in this region are doing, but this holds
less for soil fertility and nutrient management.
Target soil fertility and target nutrient inputs
should reflect target crop yields (Janssen and de
Willigen 2006b), but how to answer this question
for rainfed areas where ‘target’ maize yields may
range from more than 10,000 in relatively wet years
to <3,000 kg ha1 in relatively dry years? Soil
fertility and nutrient management should respond to
such variable conditions, in a way commonly termed
as ‘response farming’ (Stewart 1991). From eco-
nomic and environmental points of view, it would
be rather unwise to strive at high soil fertility levels
under such conditions. Instead, soil fertility should
be tailored to a level where losses of soil nutrients
are minimal, while target yields for the relatively
wet years can still be realized with proper doses of
input nutrients. The ‘ideal soil fertility level’ for
mean target yields of 7,000 kg ha1 may be a proper
target level, with P-Olsen values around 20 mg kg1
and exchangeable K around 2 mmol kg1, and
assuming a SOC content of 15 g kg1. The quantity
of input nutrients should be tailored to target yields
of ca. 10 mg ha1, but the application of N should
be split, with a major portion being applied before
seeding and a supplemental portion, dependent on
rainfall expectation, applied at the 4–6 leaf stage
(Schro¨der et al. 2000).
Fig. 8 Calculated
relationships between added
stover, manure and N, and
partial N balances (upper
panels) and K balances
(lower panels) for mean
GSR and SWS, using the
equations presented in
Table 3
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As an example, and for average rainfall conditions,
Fig. 8 presents N and K balances as functions of
added N fertilizer, cattle manure and stover. Clearly,
N balances are strongly related to N fertilizer input,
while K balances are also related to stover and
manure inputs. Neutral balances (input = output)
relate to ‘ideal soil fertility’, i.e., the soil nutrients and
input nutrients together satisfy the nutrient demand of
the crop. Without manure, N fertilizer inputs should
be in the range of 140–100 kg ha1 for stover inputs
in the range of 0–8,000 kg ha1. With 6,000 kg ha1
of cattle manure as basal dressing, N fertilizer inputs
should be in the range of 80–20 kg ha1 for stover
inputs in the range of 0–8,000 kg ha1.
Conclusions
Reduced tillage, combined with modest inputs of
organic residues, maintained SOC content at the
initial levels of 15 g kg1 in the topsoil (0–20 cm)
and at 11 g kg1 in the subsoil (20–40 cm). Increased
inputs of effective C only marginally increased SOC
content in the topsoil. The available evidence indi-
cated that there is no real prospect or need for
increasing SOC contents beyond current levels.
Partial N, P and K balances were strongly related
to added NP fertilizer, stover and animal manure, and
to growing season rainfall. Most treatments had a
positive P balance, which led to increases in extract-
able soil P (P-Olsen). However, only a fraction of the
P added to the soil was extractable. Most treatments
had negative K balances, but these negative K
balances did not lead to a strong drop in exchange-
able soil K. The rather weak relationship between K
balances and exchangeable K indicated that the soil
had a high K buffering capacity.
The analysis of nutrient balances and soil fertility
indices revealed that nutrient inputs in most treat-
ments were far from balanced. Balanced fertilization
under conditions of variable rainfall is indeed highly
complicated. The concept of ‘ideal soil fertility
level’ is applicable in principle to variable rainfall
conditions, but the definition of target yield and the
partitioning of basal and supplemental N dressings
need further examination. It is concluded that
nutrient management should become an integral
part of ‘response farming’ in this drought-prone
area.
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